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I 
INTRODUCTION 
The effect  of  ultraviolet  radiation  on  microorganisms has  been 
studied frequently.  Extensive material can be found in Hollaender 
(16),  and in Duggar (8).  The present paper describes a study of the 
lethal  effects of  measured  quantities  of monochromatic ultraviolet 
radiation on bacteria in liquid suspensions, as part of a  program to 
obtain a more intimate knowledge of the reaction of microorganisms 
to radiant energy.  . 
It has been customary to irradiate bacteria spread in presumably 
monocellular layers on agar surfaces.  Certain sections of these agar 
surfaces are  irradiated  for  different time intervals with ultraviolet 
(in later work (2, 6, 10, 11, 19) monochromatic ultraviolet) radiation. 
Other sections, protected against the radiation, serve as the controls. 
The effect has been determined by an estimate of the relative density 
of bacterial growth on the agar surfaces, or by an actual count of the 
colonies.  This  method has  the  advantage  of  permitting the  easy 
handling of a large number of exposures, and the quick determination 
of percentage effects in a  rough way.  It has the disadvantage that 
one cannot be certain that he has a  single layer of organisms on the 
agar surface, especially if the time of exposure is extended.  Further, 
th  e percentage killing effect cannot be determined exactly, especially 
for the lower values; radiation effects on the agar may be pronounced; 
and it is not easily possible to follow other than lethaP effects produced 
1 Lethal  is  interpreted in this  communication as  meaning "unable to  form 
visible colonies."  This does not exclude the possibility that certain functions of 
the organisms are continued after the ability to divide sufficiently to form visible 
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by the radiation on the organisms.  It is especially difficult to follow 
physiological effects. 
For the latter reason and because we sought a method by which we 
could determine small percentage effects with higher precision, we 
further developed the liquid suspension method (1, 4, 5) described by 
Duggar and Hollaender (9).  This method involves more elaborate 
apparatus, and makes more tedious the determination of the survival 
ratios.  It necessitates the use of suspending materials which are non- 
absorbing for the wave lengths used in the experiments, and which are 
of such composition that the organisms will not clump in them; i.e., that 
subsequent  dilutions will produce an equivalent diminution in the 
concentration of bacteria.  The method of exposure must be such that 
each organism is equally subject to the radiation, and the radiation 
which is  scattered by  the organisms must  be accounted for.  But 
with these problems solved, the method lends itself very well to the 
determination, not only of lethal effects, but also of effects, other than 
lethal, which may be produced. 
II 
Technique 
The work described below was conducted exclusively  ~ with a culture of/~., cdi. 
The growth curve of the organism was carefully determined at 32°C., and this 
temperature was maintained for all subsequent incubations.  The cultures were 
transferred to agar slants daily at a  definite hour, and were used for most of our 
work after 15 hours.  We found that at this time the cultures showed the most 
desirable characteristics, $.e. lowest number of double cells (about 10 per cent), 
highest percentage of colony forming organisms (about 90 per cent), and ease of 
removing from agar.  This we called our "standard" culture.  "Young" cultures 
came from a 6 to 7 hour slant, and contained 95 per cent viable and about 70 per 
cent double cells.  "Old" cultures came from slants 8 to 10 days old, kept after 
the first 24 hours at room temperature.  They contained 5-10 per cent double 
cells and only 30-40 per cent viable organisms.  It was possible to repeat the con- 
colonies has been impaired.  Besides the lethal effect produced by the radiation, 
we have observed effects produced by energies not sufficient to impair permanently 
the reproductive activity of the organisms.  This material will be made the sub- 
ject of further communication (17). 
2 A  number of experiments were conducted with a  culture of S.  marcescens. 
Because of difficulties due to pigmentation and occasional clumping, especially 
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ditions of the standard cultures without difficulty, but the situation was more dif- 
ficult with young and old cultures.  The variation in viability was much greater, 
a  factor which will be discussed later. 
The organisms were washed off the agar slants with a physiological salt solution 
(3 gm. NaC1, 0.2 gin. KC1, 0.2 gin. CaCh, 1000 cc. distilled water), poured into a 
sterile  culture  tube,  shaken  thoroughly, and filtered  six times through a  heavy 
layer of absorbent cotton.  The suspension was free of clumps, etc. as shown by 
microscopic observation and dilution tests.  The number of organisms was esti- 
mated from the number of test tubes used and the appearance of turbidity.  Since 
an steps in the procedure were well standardized, the estimate was usually so ac- 
curate that only one dilution had to be poured when plating. 
A  number of experiments were conducted with more thoroughly washed bac- 
teria.  The suspension described above was centrifuged at about 2000 R.p.xf. for 
15  minutes,  the  supematant  liquid  poured  off,  the  precipitate  stirred,  shaken 
thoroughly in freshly added salt solution, and recentrifuged.  This process was 
repeated three times.  After the last centrifuging the suspension was again filtered 
six times through a  heavy layer of cotton.  The standard organisms  (15 hour) 
gave, after washing, about 70 per cent of colony forming organisms as determined 
by plate and microscope counts, and the old organisms about 60 to 70 per cent 
colony forming ones, indicating that repeated washing inactivated some organisms, 
especially in a standard culture, and that in the old cultures dead bacteria were 
probably clumped through the centrifuging and removed by subsequent filtration. 
Washing was not  successful with  young bacteria,  since  it  was not possible  to 
centrifuge out a  sufficient number of organisms in a  reasonable time. 
The process of irradiation was similar to that described in previous publications 
(9),  but the apparatus was somewhat modified for this work.  (For details  see 
Fig. 1.)  The exposure cells were also similar to those described previously, ex- 
cept that the windows were fastened by means of rubber gaskets which permitted 
more careful adjustment and cleaning of the quartz windows. 
Each exposure cell was filled with 6 cc. of bacterial suspension containing 1 to 
3  ×  109 organisms per cubic centimeter in such a manner that it was certain that 
control and exposure cells contained the same concentration of organisms.  The 
material in these cells was stirred rapidly for 10 minutes before the so called "zero 
control" was removed; that is, a typical experiment was performed, but without 
exposure,  thus giving a  good check on the actual exposure cell content.  The 
material was removed from the cells in 0.1 cc. quantities at once, and diluted in 
our standard  salt  solution.  The method and  speed of removing this  quantity 
was worked out carefully to insure that each 0.1  cc. contained a  representative 
sample of the cell content.  Both cells were held in a constant temperature  tank 
at 18°C. 
The material was  stirred  rapidly  (at least  300 R.P.M.) while actual exposure 
was made.  The method and  speed of stirring  is  extremely important  for the 
efficiency of the radiation effect.  It was found, however, that increasing the speed 
of stirring above 300 R.P.M. did not further increase the efficiency of the radiation. Y 
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The beam  of ultraviolet  radiation  (< 3000 A.)which entered  the  exposure  cell 
could be followed by the fluorescence it produced up to about 1/4 or 1/3 of the cell 
thickness.  Within this distance  (about 5 mm.), the radiation was absorbed, or 
scattered and then absorbed by the dense suspension of organisms in the cell to 
such a degree that no radiation left it, except for a very small percentage scattered 
back into the beam. 
The intensity of the beam was measured before and after each irradiation by 
means  of a  standardized  high sensitivity  thermopile  and galvanometer.  Each 
exposure lasted 2 to 5 minutes.  Mter each exposure 0.1 cc. of the material was 
removed and at once diluted 1:10  s with salt solution.  The rest of the suspension 
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FIc. 1.  Diagram showing arrangement of apparatus for irradiating bacteria in 
liquid suspension with ultraviolet radiation. 
A,  quartz  capillary  mercury vapor lamp  (18);  B,  water  tank;  C, D, N,  V, 
quartz windows; E, M, quartz condensing lenses; F  to L, Bausch and Lomb quartz 
monochromator; O, exposure cell with quartz windows; P, Q, R, thermopile and 
case; S, thermal regulator;  T, heating coil; U, stirrer;  W, constant temperature 
exposure tank. 
was re-exposed and the procedure repeated until eight to ten exposures were ob- 
tained.  Mter all the exposures had been made there was always 5 cc. left in the 
exposure cell, a quantity still sufficient  to fill the cell, so that no radiation was lost. 
The dilution of the suspension was continued with 99 cc. of salt solution until 
there were 100 to 200 colony forming bacteria per cubic centimeter.  The material 
was plated out at once with nutrient agar.  Counts were made after 48 hours, and 
all  colonies on the plate were counted.  The average of four plates was taken. 
The entire procedure beginning with the removal of the bacteria from the agar 
slant  to  the pouring of the last  agar plate  usually did not  take more  than  40 
minutes.  Since the lag phase of these organisms at 18°C. lasted more than 3 hours, ALEXANDER  HOLLAENDER  AND WALTER  D. CLAUS  757 
the procedure was safe.  No difference in sensitivity could be found between or- 
ganisms irradiated at once and those irradiated 40 minutes after removal from the 
agar slant.  Special tests were also made to determine whether continuous expo- 
sure, interrupted exposure caused by our method of irradiation, and also the inter- 
ruption needed for the removal of suspension, could influence the energy needed 
to inactivate  the organisms.  Inside our limit  of error,  no difference could be 
found.  No effect of the radiation on the suspending salt solution could be found. 
Neither was any effect observable when a  suspension in which 99 per cent of the 
organisms had been killed was added to a fresh suspension of the same bacterial 
concentration.  These tests !eliminated the possibility of toxic effects due to the 
medium :or to the previously affected organisms (3). 
The situation with washed bacteria was less satisfactory.  50 to 60 minutes 
were required to wash these organisms.  Including the time of irradiation, usually 
2 hours would have passed from the time of removal from the agar slant to the 
plating of the last culture.  The washed bacteria tested at once after washing had 
not more than about 70 per cent colony forming organisms.  Thus the data ob- 
tained with  these washed organisms are not as reliable  as those obtained with 
standard  unwashed  organisms.  (All  microscope  counts  were  made  with  the 
Petroff-Hausser bacteria counter.  The determinations were found not to be so 
reproducible as our plate counts.  Only non-irradiated organisms were counted by 
this method.) 
HI 
Calculations and Results 
If  a  bacterial suspension  is  uniformly sensitive to radiation, the 
decrease, --dN, in the number, N, of viable organisms in the suspension 
when an increment of energy, dE, is applied will obviously be propor- 
tional to the number, N, of viable ceils present, to the average fraction, 
/~, of the total energy absorbed by each bacterium, and of course in- 
versely proportional to the energy, t, required to inactivate a single 
bacterium.  This may be expressed by the equation 
-- dN/dE  ~  1/E N~t 
If we represent by Nr the total number of bacteria, then for a  very 
dense suspension in which practically no energy is lost by transmission 
or scattering 
Hence 
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FIG. 2.  Graph of a typical experiment showing the logarithm of the survival 
ratio (In N/No) plotted against E/NT for E. coli irradiated by X2650 A.  Probable 
errors are calculated separately for each point.  The full curve is the best straight 
line through the points.  The broken curve shows deviations from the logarithmic 
function from which the sensitivity distribution may be calculated. 
Integrating,  we obtain  the  survival ratio as 
-~± 
N/No  =  ¢  Nr 
where No is the number of viable organisms at E  -- O.  (No in general 
will be somewhat less than NT.) 
This treatment is similar to that of a monomolecular reaction, with 
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Such a treatment, however, is indicated by the experimental results, 
and because of its simplicity, one feels justified in placing a  certain 
amount  of  confidence  in  the  calculations.  Attention  should  be 
called to the fact that the equation automatically corrects for absorp- 
tion of energy by all non-viable organisms in the suspension, and elimi- 
nates all need for consideration of the absorption coefficient of proto- 
plasm for ultraviolet radiation when sufficiently dense suspensions of 
bacteria are used.  It further provides a "natural" end-point at which 
TABLE  I 
Energy of I~aclinalion for E. coli Suspended in Salt Solution and Irradiated by 
X2650 A 
C~ture 
~tandard 
~15 hour) 
;tandard 
~rashed 
NT 
(bacteria/cc.) 
(1.26 X" 108) 
1.50  X  109 
1.35 
0.81 
1.11 
1.23 
1.13 
1.62 
4.40 
Average 
2.48 X  109 
3.62 
4.40 
Average 
(ergs/bacterlum) 
(30.4 X  10  -~) 
15.6 
13.3 
12.3 
11.9 
9.4 
13.5 
14.1 
13.7 
13.1  -q- 0.5 X  10  -6 
7.3 X  10  "~ 
4.3 
6.8 
6.1  X  10  4 
C~ture 
Old 
(I0 day) 
Old 
Washed 
Young 
(7 hour) 
NT 
(bacteria/cc.) 
1.11  X  10  ~ 
1.48 
3.10 
2.08 
4.42 
3.18 X  10  ~ 
5.04 
4.74 
2.8  X  10  ~ 
4.7 
8.2 
I 
(ergs/baEcterium) 
9.0 X  10  "~ 
11.8 
3.3 
5.6 
5.5 
3.8 X  10  -6 
2.3 
5.2 
31.1  X  10  -s 
19.7 
15.8 
the energy, ¢, required to inactivate one bacterium equals the average 
energy absorbed per bacterium, E/Nr.  Usually, this  point is arbi- 
trarily taken for a survival ratio of 50 per cent, but here we see that 
if the survival ratio is an exponential function of the applied energy, 
when ~  =  E/Nr,  N/No  =  e -1  =  36.8 per cent. 
A  graph  of  the  natural  logarithm  of  the  survival  ratio,  N/No, 
plotted  against E/Nr will give a straight line, the slope of which is 
--1/¢.  A typical experiment is plotted in Fig. 2, indicating that to a 
first approximation at least, our observations may be treated according 760  ULTI~AVIOLET  RADIATION  OF  E.  COLI 
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to the above analysis.  In all cases, the slope of the line (and hence the 
sensitivity,  l/e) has been determined by the method of least squares, 
so that  the judgment of the  calculator does not enter into  the final 
values. 
Each point of an experiment such as is shown in Fig. 2 is the result 
of counts on more than a thousand bacteria sampled from the billions 
in  the  irradiated  suspension.  Each  value  of  e  given  in  Table  I  is 
obtained from five to ten such observations, and the averages are the 
result of counts on fifty thousand or more organisms.  Note how, for 
concentrations less than  10  9 bacteria per cubic centimeter, the value of 
e decreases as the concentration  increases, as is to be expected since 
the condition #NT  =  1 is more  closely  approximated  for the larger 
values of N r. 
Table  II  shows how  the  sensitivity of the  bacteria  to  ultraviolet 
radiation  varies with the wave length.  These values are the average 
of two or three experiments  each.  Values obtained by other  investi- 
gators are included for comparison. 
If our values of e be plotted as a function of wave length, the  curve 
shows  a  broad  minimum  at  about  2650  A.,  and  although  special 
efforts were made to detect a  secondary maximum at about 2400 A. 
as described by Gates (11)  no evidence of such a  maximum could be 
found. 
IV 
mscvssloN AND CONCLUSIONS 
In  the  foregoing analysis,  it has been  assumed  that  the  bacterial 
population  possesses  a  uniform  sensitivity.  The  grouping  of  the 
observed survival ratios about a  semilogarithmic  curve justifies this 
procedure to a first approximation.  If, however, there is a distribution 
of sensitivities in the bacterial population, our survival ratio  will be 
expressed by 
f~  _£ ± 
N/No  =  Jo  4,(e)e  Nr • de 
where ¢ (e) gives the distribution of the population as a function of e. 
The  direct  solution of this  integral  equation  to obtain  a  sensitivity 
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but is being carried through for a separate communication.  Calcula- 
tions made from several arbitrarily assumed sensitivity distributions 
showed that, unless the sensitivities have a  very broad or very skew 
distribution, they will not affect the ~ by more than about 6 per cent, 
which in general is within the experimental error for a given observa- 
tion. 
A  number of factors which have  not been considered, but which 
may have a secondary effect on the above energy calculations are: (1) 
Double cells will have the effect of creating a secondary maximum in 
the sensitivity distribution, and will tend to increase the observed e. 
An attempt has been made to consider this effect only in the case of 
young cultures where the fraction of double cells is large (70 per cent). 
(2)  A portion of the incident ultraviolet is converted into fluorescent 
visible radiation (7,  13).  It is unknown whether this energy is lost, 
or whether the fluorescent process or absorption  of the fluorescent 
radiation are in themselves lethal processes.  (3)  The energy scattered 
back into the beam is lost, but this is probably only a very small per- 
centage of the total.  (4)  The radiation scattered before it is finally 
absorbed is polarized to some extent.  The work of Gates (11), how- 
ever, indicates that polarization is not an important factor.  (5)  The 
non-viable (truly dead) organisms may not absorb energy at the same 
rate as the viable ones and those just inactivated by radiation.  Such a 
consideration may, however, have a significant effect only in the case 
of old bacteria, where a large fraction (60-70 per cent) of the organisms 
are non-viable. 
Of considerable interest is the difference  in sensitivity between washed 
(6.13  X  10 -~ ergs per bacterium)and unwashed (13.1  X  10-~ergsper 
bacterium) standard bacteria.  The smaller lethal dose for the washed 
material may be real because of a weakening of the cells, or it may be 
only apparent because of a removal of absorbing nutrient material and 
decomposition products from the surface of the organisms and from 
the suspending solution.  The high variation in the energy required 
to inactivate young and old organisms (15.8  to 31.1  ×  10 -e ergs per 
bacterium and 2.3 to 5.2  ×  10 -6 ergs per bacterium) is probably due 
to the difficulties of repeating experimental conditions, and too much 
importance should not be attached to the comparative results.  Thus 
the high energy (22  X  10 -e ergs per bacterium) necessary to inactivate ALEXANDER  HOLLAENDER  AND  WALTER  D. CLAUS  763 
the young ones may be due to the large number of double cells (70 
per cent), while in the old cultures the large number of dead cells 
(60-70 per cent) may appreciably affect the calculated value of the 
sensitivity. 
The particular  mechanism by  which ultraviolet radiation  inacti- 
vates bacterial cells is a question under considerable discussion.  The 
effect has been attributed to the action of the radiation on the suspend- 
ing material, on the cell wall, on enzymes in the organism, on the 
colloidal  structure  of  the  cytoplasm,  and  on  nuclear  material  or 
material which controls cell division.  Probably, however, the mode 
of action is very complex, involving several or all of these factors. 
Certainly,  functions other than  cell division are  affected by  "sub- 
lethal" doses oi radiation, and if a  number of them are involved in 
inactivation, it is obvious that no very simple explanation will suffice. 
One  fact which stands out,  however, is that  the absorption  curve 
and the sensitivity curve for E. coli both have a broad maximum at 
about 2650 A.; i.e., the wave lengths most highly absorbed (at least 
in the band 2400 A. to 3000 A.) are also the most efficient in producing 
lethal effects.  The mere process of absorption is not equivalent to the 
process of killing, for then the killing would be proportional to energy 
absorbed  for  all  wave  lengths.  Herein  perhaps will  lie  our  most 
significant clue to the mechanism of the action of ultraviolet radiation, 
when the problem is finally solved. 
It is possible, of course, that a variation in the absorption of the dead 
bacteria for different wave lengths would serve to mask the maximum 
at 2400 A. as reported by Gates (11) but it is more probable that for 
these shorter wave lengths, the increasing absorption of organic impuri- 
ties in the suspension would serve to mask the effect, if it exists.  This 
would seem to constitute the weakest point of our method, but we 
believe that the more than satisfactory comparison of our results with 
those of other investigators using different methods thoroughly justi- 
fies the use of our liquid suspension method, and makes it available for 
types of experiments which cannot be performed when the bacteria 
must be plated on agar before irradiation. 
The authors wish to thank Prof. B. M. Duggar for the advice and 
assistance he has given during the course of this investigation.  The 
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tion of the Division of Biology and Agriculture, National Research 
Council. 
v 
SITMM'~d~¥ 
i.  The irradiation of bacteria in liquid suspension has been made 
possible through: (a) the use of a specially balanced physiological salt 
solution which is practically non-absorbing for the wave lengths used, 
and which is of such composition that subsequent dilution of the bac- 
terial suspension gives the proper number of organisms;  (b)  special 
design of the exposure cell and a  very thorough method of stirring 
which subjects each organism equally to the radiation; (c) practically 
complete absorption of the incident radiation, through the use of very 
dense  suspensions,  thus  eliminating  the  necessity  for  a  separate 
determination of the absorption  coefficients  of the bacteria for the 
wave lengths used. 
2.  The method also provides a means for determining the effects of 
sub-lethal doses. 
3.  A formula is given for calculating from observed survival ratios 
the energy required to inactivate bacteria with ultraviolet radiation. 
The formula corrects for the protective action of non-viable organisms. 
4.  Data  are given for the inactivation of  15  hour and 240  hour 
cultures of E.  coli, washed and unwashed, and for 6-7 hour cultures, 
unwashed.  These data are compared with those of other investigators. 
5.  A possible explanation for the differences in energy required to 
inactivate old, young, and standard cultures of bacteria is suggested. 
6.  The possible mechanism of the action of ultraviolet radiation on 
microorganisms is discussed. 
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